An ultracold Fermi gas with tunable interactions is a paradigmatic strongly correlated system. These atomic gases provide access to the crossover from Bardeen-Cooper-Schrieffer (BCS) superconductivity to Bose-Einstein condensation (BEC) of tightly bound fermion pairs [1] [2] [3] [4] [5] .
Landau's Fermi liquid theory is a well-established and powerful paradigm for describing systems of interacting fermions 6, 7 . It postulates that even in the presence of strong interactions, the system retains a Fermi surface and has low energy excitations that are long-lived, fermionic, and nearly non-interacting. The effect of interactions is incorporated into renormalized properties of these quasiparticle excitations, such as an effective mass, m * , that is larger than the bare fermion mass, m, and a spectral weight, or quasiparticle residue, that is between zero and one. While Fermi liquid theory is extremely successful in describing a wide range of materials, it fails in systems exhibiting strong fluctuations or spatial correlations. Understanding the origin of such breakdowns of a Fermi liquid description is an outstanding challenge in strongly correlated electron physics.
In the BCS-BEC crossover, the question of whether the Fermi liquid paradigm breaks down is related to the prediction of a "pseudogap" phase, where incoherent many-body pairing occurs above the transition temperature T c . In experiments that probed the strongly interacting gas in the middle of the crossover, Fermi-liquid-like behavior was observed in thermodynamics 8, 9 and spin transport properties 10 . In contrast, shear viscosity measurements 11 suggest a lack of sharp quasiparticles 5 . Meanwhile, evidence for pairing above T c was reported in photoemission spectroscopy (PES) measurements 12 , which reveal the distribution of single-particle energies and momenta in a many-body system 13 . Interpretation of these data has been controversial, with a Fermi liquid theory and a pseudogap theory each separately argued to agree with the observations 14, 15 .
Issues raised include the fact that the PES measurements probed a trapped gas, where averaging over the inhomogeneous density can obscure the intrinsic physics 14, 16 , and that thermodynamics measurements are relatively insensitive to a pseudogap compared to spectroscopy. Thus, the ques-tion of how a Fermi liquid evolves into a Bose gas of paired fermions in the BCS-BEC crossover, and whether a Fermi liquid description breaks down, remains open. Here, we answer this question with the first PES of a nearly homogeneous Fermi gas; we perform measurements above T c for a range of interaction strengths through the crossover (Fig. 1a) .
We prepare a gas of 40 K atoms in an equal mixture of two spin states, where the scattering length, a, that parameterizes the interactions is varied using a Fano-Feshbach scattering resonance 17 (see Fig. 1a and Supplementary Information). To eliminate the complications arising from density inhomogeneity, we combine momentum-resolved rf spectroscopy 18 ( Fig. 1b) with spatially selective imaging that probes only atoms from the trap center where the density is the highest and has the smallest spatial gradients 19 ( Fig. 1c) . The lower panel of Fig. 1d shows PES data taken above T c for several values of (k F a) −1 , where k F is the Fermi wave number.
The PES signal, I(k, E), is proportional to k 2 A(k, E)f (E), where A(k, E) is the atomic spectral function 18, 20 and f (E) is the Fermi function. Here, E and k are in units of E F and k F , respectively, and we normalize each data set so that the integral over all k and E equals 1.
Comparing these data with previous trap-averaged atom PES data 12, 15 , we find that the previous observations, namely, dispersions that show back-bending and asymmetric features with large energy widths, are also apparent in the nearly homogeneous data (see Extended Data Fig. 2 and Supplementary Information). However, the nearly homogeneous PES data are more amenable to quantitative analysis because k F (and E F ) can be approximated as single-valued across the sample. To compare the data to a Fermi liquid model, we use a two-mode function to describe the PES signal:
where the first part describes quasiparticles and the second part accommodates an "incoherent background". The quasiparticles in Fermi liquid theory are long-lived and therefore give rise to narrow energy peaks, which, in principle, could be directly observed. However, such peaks would be broadened by our experimental resolution of about 0.25E F . This resolution is set by the number of atoms (with E F scaling only weakly with increasing N ) and the rf pulse duration (see Supplementary Information), which must be short compared to the harmonic trap period in order to probe momentum states. We convolve Eqn. 1 with a gaussian that accounts for our energy resolution before fitting to the data in order to determine the spectral weight of the quasiparticles (Fiq. 1d, upper panel).
To describe quasiparticles, we use
which consists of a quadratic dispersion of sharp quasiparticles multiplied by a normalized Fermi distribution (δ is the Dirac delta function, and Li is the polylogarithm function). We include as fit parameters, a Hartree shift E 0 , effective mass m * , chemical potential µ, and temperature T .
Here, energies are given in units of E F and m * in units of m. This description of Fermi liquid quasiparticles is typically only used very near k F and for T approaching zero, whereas we fit to data for a larger range in k and with temperatures near 0.2 T F (just above T c ). The latter is necessitated by the unusually large interaction energy compared to E F , and we note that 0.2 T F is still sufficiently cold that one can observe a sharp Fermi surface in momentum 19 . Any increase in quasiparticle widths away from k F will have little effect on the data as long as the quasiparticles have an energy width less than our energy resolution, which should be the case for long-lived quasiparticles. Finally, using a quadratic dispersion over a large range of k is supported by the data (see Extended Data Fig. 3 and Supplementary Information).
The second part in Eq. 1 needs to accommodate the remainder of the signal, which is often referred to as an "incoherent background" in a Fermi liquid description. For I incoherent , we use a function that describes the normal state in the BEC limit, namely, a thermal gas of pairs. The pairs have a wave function that decays as exp (−r/ R), where r is the relative distance and R is the pair size 21 , and a gaussian distribution of center-of-mass kinetic energies characterized by an effective temperature T p . This gives
Ep Tp
where Θ is the Heaviside step function, E p is a pairing energy defined by k F R = 2/E p , and both E p and T p are dimensionless fitting parameters (see Supplementary Information). While this description of the incoherent piece may not fully capture the microscopic behavior except in the BEC limit, we find nonetheless that Eq. 1, after convolution with a gaussian that accounts for our energy resolution, fits the data very well throughout the crossover. For each value of (k F a) −1 , we perform a surface fit to the roughly 300 points that comprise the PES data I(k, E) for k ≤ 1.5 and E ≥ −3. The reduced chi-squared statistic, χ 2 , after accounting for the seven fit parameters, is between 0.75 and 1.3. An example fit is shown in Fig. 2 , where we show several traces at fixed k for PES data taken near unitarity.
In Fig. 3a , we show Z as a function of (k F a) −1 . For our lowest (k F a) −1 , Z ≈ 0.8; however, Z decreases rapidly going from the BCS side of the crossover (negative a) to the BEC side (positive a), reaching Z ≈ 0.3 at unitarity. Beyond (k F a) −1 = 0.28 ± 0.02, Z vanishes, signaling the breakdown of a Fermi liquid description. We observe that Z goes to zero abruptly with a discontinuous derivative, which is unexpected behavior for a crossover. Restricting the fitting to a smaller region around k F gives results for Z that are consistent with the fits to k ≤ 1.5 (see We note an interesting comparison of our results with the Fermi polaron, which is the quasiparticle in the limit of a highly imbalanced Fermi gas. Schirotzek et al. measured Z = 0.39 ± 0.09
for the Fermi polaron at unitarity 22 , which is similar to our result for the balanced Fermi gas. For the polaron case, Z also goes to zero in a similar fashion to our results, but farther on the BEC side of the crossover 22 . This similarity is surprising because we expect a phase transition from polarons to molecules in the extreme imbalance limit 23, 24 , with Z acting as an order parameter 25 , while, in contrast, the balanced Fermi gas should exhibit a continuous crossover. For m * , we also find that our result is close to the measured effective mass of the Fermi polaron at unitarity 8, 26 , m * = 1.20 ± 0.02, and similar to the predicted polaron mass 27 throughout our measurement range (dashed line in Fig. 3b ).
As (k f a) −1 increases, short-range correlations are expected to increase. This gives rise to increased weight in the high-k part of the spectral function 28 , which is quantified by a parameter called the contact [29] [30] [31] [32] . In a Fermi liquid description, the contact must be accounted for by the incoherent part of the spectral function 28 . We note that our particular choice for I incoherent has the expected form of a 1/k 4 high-k tail in the momentum distribution 29 and a 1/ν 3/2 large-ν tail in the rf line shape 30 , where ν is the rf detuning. Moreover, we find that the contact can be accurately extracted from the fits to the PES data even though we restrict the fits to k ≤ 1.5. In Fig. 4 , we plot the measured contact per particle, C/N , in units of k F , as a function of (k 34 . After initially preparing the gas at small, positive a, the magnetic field is swept adiabatically to a final value within the BCS-BEC crossover, where
ically, an rf photon, which has a negligible momentum, transfers an atom from the strongly interacting state (blue line) to a weakly interacting state (green line). The energy and momentum of the atom in the strongly interacting state are extracted 18 from the measured momentum of the spin-flipped atom and the rf detuning ν. The detuning, ν, of the rf frequency is varied to obtain data for a wide range of E and k. c, Immediately following the rf pulse and before time-of-flight expansion, two orthogonally propagating hollow-core beams optically pump atoms at the edges of the outcoupled atom cloud into a dark state 19, 32 . The durations of both the rf pulse and optical pumping are short compared to motion of atoms in the trap. d (lower panel), In these example plots of PES data, the color represents the probability distribution of atoms at a given E and k in the strongly interacting gas. We estimate that the error bar of (k F a) −1 is 0.03. E = 0 is the energy of a free atom at rest and the white line shows the free-particle dispersion E = k The contact measured from the tail of the rf lineshape (see Extended Data Fig. 5 ), using data for hν ≥ 5E F , is shown in blue circles, while the contact extrapolated from the fits of the PES data is shown in red squares. Remarkably, even though we limited the fits of the PES data to k ≤ 1.5 and E ≥ −3, a region with a relatively small contribution of short-range correlations 29-32 , we find that the contact from the PES fits is consistent with the contact measured from the tail of the momentum-integrated rf line shape. For comparison with the data, we also plot the BCS (dashed black line) and BEC (dashed magenta line) limits, given by 4(k F a) 2 /3 and 4π(k F a) −1 , respectively 30 , the non-self-consistent t-matrix at T = 0 (dotted blue line) and its Popov version at T c (dash-dotted red line) 35 , and the self-consistent t-matrix model at T = 0 (double-dotted green line) 16 . Interestingly, we find that the contact measured above T c agrees well with the T = 0 theories.
Supplementary Information Supplementary Methods
The experiments are performed with an ultracold gas of 40 We verified that for all interaction strengths the condensate fraction 12, 36 is less than 1%. Additional details on our experimental setup can be found in Refs. 12, 18, 37.
The atom PES measurement uses an rf pulse with a Gaussian field envelope that has an rms width of 51 µs (17 µs), and a total duration of 300 µs (100 µs), for ν < 34 kHz (ν ≥ 34 kHz) (see Extended Data Fig. 1 ). We use shorter pulses at higher ν to minimize effects due to the motion of the spin-flipped atoms during the rf pulse. The rf detuning ν is given with respect to the resonant transition frequency ν 0 , which is measured for a spin polarized gas. For each PES measurement, we take data for the same 25 values of ν, each of which is repeated three times. The rf power is increased for larger ν, while keeping the fraction of spin-flipped atoms less than 40%. As in Ref.
32, we measure the dependence of the number of spin-flipped atoms on the rf power, and scale the measurements done at different rf powers to correspond to a common level.
rf photon, ν Immediately after the rf pulse, and exactly at trap release, we pulse on the hollow-core light beams, which propagate perpendicularly to each other and intersect at the center of the cloud 19, 32 .
The frequency of these beams is chosen to optically pump atoms from the |9/2, −5/2 state into the upper hyperfine manifold (F = 7/2), where they are invisible to our imaging (see Extended Data Fig. 1 ). Both the rf pulse and the spatially selective optical pumping, which is pulsed for 40 µs, are completed in a timescale that is short compared to motion of atoms in the trap. We typically probe the |9/2, −5/2 atoms that came from the central 30% of the cloud; we find this fraction to be a good compromise between spatial selectivity and signal-to-noise ratio 19, 32 . As described in Ref. 32, just before imaging the cloud, we remove the remaining atoms from the |9/2, −9/2 and |9/2, −7/2 states and then transfer the outcoupled atoms in the |9/2, −5/2 state to the |9/2, −9/2 state with two short rf π-pulses. This procedure enables us to image the atoms on the cycling transition, which improves the signal-to-noise ratio.
We report quantities relative to E F and k F , which are calculated from the average density of the probed gas. Similar to Ref. 32, the average density is determined from the central part of the in-situ density distribution of the gas, which is found by measuring the cloud after expansion. In the BCS-BEC crossover, the expansion is hydrodynamic and we deduce the in-situ density distribution by solving the Euler equation with a scaling solution that assumes the chemical potential is proportional to n γ , where n is the density, and γ depends on the interaction strength 2 . For the purpose of this work, we use γ approximated by the Leggett ansatz 2 .
Comparison to trap-averaged PES data
To compare the nearly homogeneous data with previously published trap-averaged data, we use the analysis described in Ref. 12 . Specifically, independent gaussian fits to fixed-k traces through the PES data are used to find a dispersion E(k). Extended Data Fig. 2a shows the nearly homoge-neous PES data for (k F a) −1 = 0.1, with white points marking the centers from the gaussian fits.
Extended Data Fig. 2b shows the fixed-k traces through the data, which are often called energy distribution curves, or EDCs. These plots can be compared to figures 1 and 2 of Ref. 12, which show trap-averaged data at (k F a) −1 ≈ 0.15 and T /T C = 1.24. We find that the PES results for a nearly homogeneous gas are qualitatively similar to the trap-averaged results. Specifically, in both cases we see dispersions that exhibit large energy widths and back-bending. 12. A solid black line marks E = E F . Red stars show the center of each gaussian, and the dashed red line is a guide to the eye.
Quadradic dispersion
We fit the PES data to a two-mode function that assumes a quadratic dispersion of the Fermi liquid quasiparticles. While this fit agrees well with the data, we can alternatively locate the peak positions in the EDCs at each k to map out the dispersion E(k), without assuming that it is quadratic.
To focus on a quasiparticle-like peak, and to reduce the effect of the asymmetric tails, we use a Gaussian fit where the width is constrained to be equal to our resolution (h × 2400 Hz) and where we also include a constant offset as a fit parameter. An example of the resulting peak dispersion
43 is shown in Extended Data Fig. 3 . We can then fit the peak dispersion to (circles). We locate the peaks by fitting each EDC separately to a Gaussian plus an offset, where the Gaussian width is fixed to the experimental resolution. The red line shows a fit to Ak α + B in the range 0.2 < k < 1.5. Inset, The exponent from fits to the peak dispersion (squares). The error bars indicate ± 1 standard deviation. We find that α is consistent with 2.
Derivation of the single-particle spectral function for pairs
For the incoherent component in our two-mode fits to the PES data, we use a model of the PES signal for pairs. To derive this model, we first consider a single stationary pair that is dissociated by absorbing an rf photon. For rf dissociation, energy conservation gives
where
is the relative kinetic energy of the two resulting atoms after dissociation and
mR 2 is the binding energy corresponding to a bound wave function φ(r) = 2 R e −r/R . On the other hand, in PES 18 , the single-particle energy E is given by
wherehk is the momentum of the spin-flipped atom. If the pair is initially at rest, the two resulting atoms will have momentahk rel and −hk rel , so that combining Eqs. 5 and 4, we find
. Here, we can see that pair dissociation yields a negative, quadratic single-particle dispersion.
The amplitude of the signal as a function of k can be obtained from the normalized rf line shape for the dissociation of a weakly bound molecule, which was derived by Chin and Julienne 21 :
where ∞ 0 F (E rel )dE rel = 1 and we have assumed that the final state is weakly interacting. Eq. 6
can be rewritten in terms of k rel to give
2 rel dk rel = 1. This lineshape is highly asymmetric and has an extent in k rel that scales as E p , or equivalently 1/R. At high k rel , G(k rel ) falls off as 1/k 4 rel , which is consistent with Tan's contact.
If the pair is moving, then combining Eqs. 5 and 4 gives
In PES, we apply rf with detuning ν, measure k for the spin-flipped atom, and extract E using Eq.
5. From Eq. 8, we see that for the dissociation of non-stationary pairs, data with a particular k (but variable ν) can, in principle, yield E anywhere in the range −E p −h 2 k 2 2m
, where the lower limit corresponds to a stationary pair and the upper limit corresponds to a pair with the maximum possible center-of-mass momentum,hK cm = 2hk.
To model the center-of-mass momentum distribution of non-condensed pairs, we assume a Maxwell-Boltzmann distribution with an effective temperature T p :
where k b is the Boltzmann constant and
2 cm dK rel = 1. The product of the functions in Eqs. 9 and 7 gives the transition probability as a function of K cm and k rel . We change variables to k and k rel and integrate over the angles to find the transition probability as a function of k and
Finally, we change variables to E and k to derive the PES signal (Eq. 3 in the main text):
In this last step, we also changed to dimensionless parameters (k, E, E p , and T p ) normalized by k F and E F .
Fits to the PES data
The main text presents two of the seven fit parameters used to describe our PES data. In this section, we discuss the remaining parameters, which are shown as a function of (k F a) −1 in Extended Data Fig. 4 .
We start with the two temperatures T and T p , which are shown in Extended Data Fig. 4a . For the quasiparticle component, T is close to, but somewhat above the estimated temperature of the gas, T = (0.18 ± 0.02)T F . We attribute the discrepancy to the remaining density inhomogeneity of the probed portion of the trapped gas, which can broaden sharp features. In particular, when applying our PES measurement technique to a weakly interacting gas, we find that the resulting momentum distribution has a step at the Fermi surface whose width typically corresponds to T ≈ 0.25T F . For the incoherent component, T p , which in the model characterizes the spread of centerof-mass energies of pairs, is around 0.75T F . This is much higher than the temperature of the gas and suggests that the data cannot be simply interpreted as coming from weakly bound bosonic molecules in thermal equilibrium with a Fermi gas of atoms. Figure 4 : Parameters of the fits to the PES data. a, We extract two temperatures from our fits to I(k, E). The quasiparticle parts of the fits to the PES data give T values (red squares) that are comparable to, but higher than, our estimated temperature of the gas at unitarity (T = 0.18 ± 0.02). In contrast, the incoherent parts of the fit give T p values (blue circles) around 0.75. T p can be thought of as an effective temperature that characterizes the energy width of the incoherent part of the spectral function. b, The pairing energy, E p , comes from the incoherent part of the fit. At the largest (k F a) −1 , the data (circles) approach the two-body molecular binding energy (line). c, The Hartree energy shift, E 0 , comes from the quasiparticle part (blue circles).
The error bars correspond to ± 1 standard deviation from the fits and 5% uncertainty in E F . Also shown are the results of a quantum Monte-Carlo calculation 38 (black square), and two theories by
Haussmann et al. 16 (red asterisks) and Kinnunen 39 (green triangle). d, The chemical potential µ is also found in the quasiparticle part of the fit. We show the results of the fit with (red squares) and without (blue circles) the constraint T = 0.25. The fact that constraining T affects the best fit value for µ reveals an interdependence of µ and T that we do not observe for the other fit parameters.
Extended Data Fig. 4b shows the second fit parameter in I incoherent , which is a binding energy Fig. 4b ).
In the crossover, E p is larger than the binding energy for two-body molecules, as one would expect for many-body pairs.
The two remaining fit parameters, E 0 and µ, come from the quasiparticle part of the fitting function and are shown in Extended Data Fig. 4c and d, respectively. The Hartree energy shift E 0 is negative and has a magnitude that increases as (k F a) −1 increases, reaching a value of −0.46 ± 0.03E F at unitarity, in good agreement with several theoretical calculations 16, 38, 39 . Extended Data 4 . We have found that there is some interdependence of the two fit parameters µ and T for the quasiparticles. This is illustrated in Extended Data Fig. 4d , where the red squares show the result for µ when we fix T = 0.25 in the fits. (The effect of fixing T on the other fit parameters is to reduce some scatter but is otherwise minimal.)
This interdependence, and the fact that T is increased by technical issues (namely, the remaining density inhomogeneity that limits our resolution in k), may play a role in explaining the lower than expected values for µ.
The contact As a check of the fitting function, we have compared these results with a simple expression derived from the contact for weakly bound molecules. For a dimer with a wave function φ(r) = 2 R e −r/R , the contact 40 is C dimer = 8π/R. Since the dimer consists of two atoms, the contact per particle is C/N = 4π/R. Expressing this in terms of the dimensionless E p and multiplying by the amplitude (1 − Z), we have
We find that the result of Eq. (12) agrees very well with the contact extracted directly from the momentum tail of the fitted dispersion.
